Abstract 3-phosphoglycerate (PGA), phosphoenolpyruvate, glycerate, and hydroxypyruvate did not. Glycine produced Transformed poplars overexpressing c-glutamylcystfrom glycollate was therefore required for maximal eine synthetase (c-ECS) in the chloroplast (Lggs) were GSH accumulation in both the chloroplastic and cytoused to investigate chloroplastic biosynthesis of glutasolic compartment. Production of glycine from PGA thione (GSH). In Lggs leaves, GSH contents were failed to meet the demand of increased GSH synthetic enhanced by up to 3.7-fold. In general, the highest capacity. GSH contents were observed in lines with highest cglutamylcysteine (c-EC) contents. These lines had rela-
Introduction
ished if leaves were illuminated at high CO 2
. ConCurrent interest in factors influencing GSH accumulation sequently, the c-EC5GSH ratio of illuminated leaves in plant tissues has been fostered by awareness of the was much higher at high CO 2 than in air. At high CO 2 plethora of physiological roles played by this tripeptide total foliar amino acids were higher, but glycine and thiol (c-glu-cys-gly). In addition to its function as a serine were lower, than in air. These results suggest substrate in phytochelatin synthesis and in reactions that photorespiratory glycine is used in chloroplastic catalysed by GSH S-transferases, there is growing evid-GSH synthesis. Despite this, net CO 2 fixation was simence that GSH is influential in the control of gene ilar in Lggs to untransformed poplars. Pre-illuminated expression and the cell cycle (May et al., 1998 ; Noctor leaf discs from Lggs, and poplars overexpressing cet al., 1998a) . High chloroplastic concentrations of GSH ECS in the cytosol (ggs), were incubated in darkness underline its importance in this compartment, where it with a range of metabolites. After 15 h, discs from may be crucial in controlling stromal oxidant concentraboth types of transformant incubated on water had tions and protecting protein thiol groups during photoaccumulated high levels of c-EC and showed marked synthesis (Foyer and Halliwell, 1976 ; Kunert and Foyer, increases in the c-EC5GSH ratio. Feeding glycine, 1993; Foyer et al., 1995) . serine, glycollate or phosphoserine, attenuated the dark-induced changes in the c-EC5GSH ratio, whereas GSH is produced from glu, cys and gly in two ATP-dependent steps (reviewed by Noctor and Foyer, 1998a) . c-EC to GSH in both ggs and Lggs. In contrast, the irreversibility of the photorespiratory pathway is highc-Glutamylcysteine synthetase (c-ECS) catalyses the formation of 3c-EC; glutathione synthetase (GS ) then lighted by the lack of effect of feeding substrates of the glycerate pathway. Synthesis of gly from PGA is insufficatalyses the addition of gly to c-EC to form GSH. Recently, molecular genetic techniques have been applied cient to support maximal rates of GSH synthesis, irrespective of whether GSH is being synthesized primarily to the study of GSH synthesis in plants. First, cDNAs encoding c-ECS and GS have been isolated from plant in the chloroplastic or cytosolic compartment. species (May and Leaver, 1994; Rawlins et al., 1995; Ullman et al., 1996) . Second, an Arabidopsis thaliana Materials and methods mutant has been isolated by virtue of its sensitivity to Cd and shown to possess low c-ECS activities (Cobbett et al., Plant material and growth 1998). Third, expression of the genes encoding c-ECS An E. coli c-ECS cDNA was introduced into poplar (Populus tremula×P. alba; Institut National de la Recherche and GS has been studied in Arabidopsis and shown to be Agronomique No. 717-1-B4, France) and the gene product increased in response to certain stress situations or signal targeted to the cytosolic or chloroplastic compartment as molecules ( Xiang and Oliver, 1998 ). Fourth, Escherichia described in Arisi et al. (1997) and Noctor et al. (1998b) , coli genes encoding c-ECS and GS have been introduced respectively. Transformed and untransformed hydrid poplars into poplar and the respective enzymes overexpressed in were introduced into the greenhouse following micropropagation in vitro. All analyses were conducted using lamina material the cytosol (Foyer et al., 1995; Strohm et al., 1995; Noctor GSH (Noctor et al., 1996; Arisi et al., 1997) , strongly implicating this enzyme as the principal limitation over Analysis of thiols and amino acids cytosolic GSH synthesis.
Foliar thiols were determined fluorimetrically following derivatMaximal accumulation of GSH in ggs poplars was ization with monobromobimane and separation by HPLC (Noctor and Foyer, 1998b) . o-Phthalaldehyde derivatives of shown to require light (Noctor et al., 1997a) . In the dark, GSH, c-EC and foliar amino acids were measured as described when foliar gly was low, c-EC accumulated and GSH in detail in Noctor and Foyer (1998b) . These two methods give decreased (Noctor et al., 1997a accumulation for light in these poplars was linked to
Other measurements photorespiratory gly availability (Noctor et al., 1997a) . Accordingly, supplying gly to excised leaves from ggs Net CO 2 uptake was measured on attached leaves in air using a portable infrared gas analyser (LCA4, Analytical Development poplars removed the restriction over GSH synthesis in Co., Hoddesdon, UK ). Soluble protein was measured in the dark (Noctor et al., 1997b) . These data show that a centrifuged leaf extracts using the standard Biorad coomassie proportion of the amino acids produced during photoresblue dye technique (Bradford, 1976) . Chlorophyll was deterpiration is used for biosynthetic purposes in the cytosol. mined in acetone extracts of leaves according to Arnon (1949) .
Recently poplars overexpressing c-ECS in the poplar
Experiments at high CO 2 chloroplast have been obtained (Lggs; Noctor et al., 1998b ). This has made it possible to compare for the first Poplars were introduced into a controlled-environment chamber under the following conditions. The daylength was 14 h and time GSH biosynthesis in the chloroplast and the cytosol. , 1998b) . This first report showed that, as in ggs samples were taken immediately before and during illumination, leaves, GSH contents were higher in illuminated Lggs at the times indicated in Fig. 2 . The CO 2 concentration was 0.03-0.04%. Three days later, the CO 2 concentration was leaves than in darkened leaves (Noctor et al., 1998b) . In increased to 0.6%, 1 h prior to the onset of illumination. Leaf the present study, it has been established that the light samples were taken at the same illumination times as for the requirement for maximal GSH synthesis in Lggs is linked experiment at atmospheric CO 2 levels.
to photorespiration, strongly suggesting that photorespiratory gly is required for GSH synthesis in both the 
Results
Poplars overexpressing c-ECS in the chloroplastic compartment (Lggs) had markedly increased extractable c-ECS activities, which were shown to be due to effective et al., 1998b) . Because of day-to-day variations in the thiol contents of poplar leaves, comparisons between c-EC than for GSH (Fig. 2) . As in ggs and untransformed poplars, the c-EC5GSH ratio in Lggs is highest at the end transformants and untransformed plants were always carried out using material sampled simultaneously.
of the dark period (Fig. 2) . Re-illumination of Lggs in air causes the ratio to drop markedly as GSH accumulates However, to enable comparison between experiments carried out on different days, some of the data presented ( Fig. 2 , right panels, open symbols). Flux through the photorespiratory pathway is reduced by CO 2 enrichment is expressed as percentages rather than in absolute values (in this case, absolute values used for calculation are to or low O 2 tensions (de Veau and Burris, 1989) . Illumination under either condition provided evidence that, in ggs popbe found in the figure legends). Figure 1 shows the relationship between contents of lars with high cytosolic capacity for GSH synthesis, the light-associated factor required for maximal GSH contents GSH, c-EC and gly in illuminated leaves from four independent Lggs lines. Transformants had between 1.7 was linked to photorespiration (Noctor et al., 1997a) . The importance of photorespiratory conditions for GSH synand 3.7 times more GSH than untransformed poplars. These high foliar GSH contents were accompanied by thesis was therefore investigated in Lggs poplars, containing high chloroplastic activities of c-ECS. As in ggs poplars high c-EC, the immediate product of the reaction catalysed by c-ECS (Fig. 1) . Subsequent to the formation (centre panels), the light-induced decrease in the c-EC5GSH ratio in Lggs poplars (right panels) was largely of c-EC, GS catalyses the synthesis of GSH by addition of gly to the cys-carboxy group of c-EC. The data of prevented by high CO 2 (Fig. 2 , closed symbols). A less pronounced, though nevertheless significant, effect was Figure 1 show that, in illuminated leaves, gly contents were generally highest when c-EC and GSH contents were observed in untransformed poplars ( left panels). The effect of high CO 2 reflected both smaller light-induced decreases relatively low.
In ggs, overexpressing c-ECS in the cytosol, foliar conin c-EC and attenuation of light-dependent increases in GSH (Fig. 2) . Similar results were obtained using longertents of c-EC and GSH show inverse light-dark changes: c-EC content is high in the dark whereas GSH content is term exposures to high CO 2 (data not shown). Figure 3 shows the effect of high CO 2 on the major high in the light (Noctor et al., 1997a) . Similar changes are observed in Lggs, with high chloroplastic capacity for GSH foliar free amino acids, and cys, in the three types of poplar. In all plants, gly contents in illuminated leaves synthesis (Fig. 2, right panels) . For Lggs, inverse changes concentration on light-dependent changes in c-EC and GSH in untransformed poplars and poplars overexpressing c-ECS in the cytosol (ggs) or chloroplast (Lggs). Open symbols, illumination in air; closed symbols, illumination in CO 2 -enriched air (0.6% CO 2 ). For experimental details, see Materials and methods. For the c-EC5GSH ratio, data are means±SD (where larger than symbol radii) of three independent leaf extractions. Data for c-EC and GSH are the means of three independent extractions normalized in each case to the mean value in darkened leaves. These were as follows, in nmol FW g−1 (values for 0.038% and 0.6% CO 2 , respectively): for c-EC, 63 and 69 (untransformed ); 1070 and 1193 (ggs); 413 and 685 (Lggs); for GSH, 523 and 474 (untransformed); 1108 and 990 (ggs); 831 and 1056 (Lggs). The standard deviations of all means varied between 0.8 and 11.7% of the values.
were much lower at high CO 2 than in air ( Fig. 3) . Similar, in air in untransformed poplars but higher at high CO 2 in the transformants ( Fig. 3) . though less marked effects, were observed for foliar ser contents. In contrast, high CO 2 promoted higher foliar The data of Figs 2 and 3 strongly suggest that, as in ggs, photorespiratory gly is the component necessary for contents of glu, asp, asn, and cys in all three plant types (Fig. 3) . The increased abundance of glu, asp and cys maximal GSH production in Lggs transformants. The increased dependence of GSH synthesis on photorespirawas consistent with an increase in total free amino acid pools at high CO 2 . This effect may have resulted from tion in the transformants implies increased utilization of photorespiratory gly for GSH synthesis in both chloroincreased rates of photosynthesis. In contrast, the increases in asn contents at high CO 2 were much more plastic and cytosolic compartments in these plants. Therefore, the CO 2 fixation rates in these poplars and in marked than increases in the total free amino acid pools (Fig. 3) . In all three poplar types, high CO 2 had qualitatthe untransformed plants were compared ( Table 1) . Both ggs and Lggs poplars had similar rates of CO 2 fixation ively similar effects on foliar amino acid contents. The only exception was the foliar gln pool, which was higher to the untransformed poplars, as well as similar rates of aRGR, relative growth rate, measured weekly for 5 weeks. The five weekly values were averaged for each plant. Data shown are means±SD of the means for each plant. Number of plants: five (untransformed), four (2 ggs11, 2 ggs7) and eight (2 Lggs6, 1 Lggs9, 1 Lggs12, 2 Lggs16, 2 Lggs20).
bUnits are mg g−1 fr. wt. All data were obtained from the means of three independent leaf extractions from plants used to examine relative growth rate. Data shown are the means±SD of the means for each plant. Number of plants and plant lines used as described for relative growth rate.
cUnits for total chlorophyll are mg g−1 fr. wt. Number of extractions and plants as for protein content.
dUnits are mmol m−2 leaf surface s−1. Light intensity was 145 mmol m−2 s−1. Data are means±SD of two measurements, carried out on different days for each plant, of five untransformed plants (n= 10), two ggs lines (n=4) and five Lggs lines (n=10).
eLight intensity was 1083 mmol m−2 s−1. Plant material as detailed for light-limited rates.
Fig. 3. Effect of CO 2
concentration on free amino acid contents in illuminated leaves. Samples were taken after 6 h illumination of both types of leaf disc, the contents of all three amino untransformed poplars ( WT; left) and poplars overexpressing c-ECS acids in the dark were markedly enhanced by supplying in the cytosol (ggs; centre) or chloroplast (Lggs; right). Data correspond to the endpoints of the curves shown in Fig. 2 and were calculated gly, ser or p-ser. Supplying these three compounds from the means of two analyses of pooled supernatants from three increased dark levels of gln, ser and gly to at least the independent leaf extractions. Empty columns, air; filled columns, 0.6% level in illuminated leaf discs (Fig. 4) . The effect of CO 2 . Total, total free amino acids.
supplying ser on foliar gly (and vice-versa) , and the effect of supplying gly and ser on foliar gln, demonstrate that these substrates were taken up and metabolized by the growth and contents of protein and chlorophyll ( Table 1) . leaf discs. Supplying glycollate in the dark did not markedly influence gly and ser, although gln contents were Having established that maximum accumulation of GSH in Lggs is linked to photorespiration, the effect of increased in ggs discs. Minor increases in ser in darkened ggs discs were brought about by supplying PGA, feeding metabolites involved in known routes of gly production to darkened Lggs leaf discs was then investiglycollate, glycerate and OH-pyr (Fig. 4) . These effects were less evident in Lggs discs. Glycerate, PGA and gated. These compounds were also supplied simultaneously to ggs leaf discs, making feasible not only the OH-pyr did not increase the foliar gly contents of darkened leaf discs from either transformant. Neither considerable extension of previous studies of the effect of feeding gly to ggs (Noctor et al., 1997b) , but also comparlight nor any of the supplied metabolites appreciably affected foliar contents of glu and cys (data not shown). ative interactions between photorespiration and GSH synthesis in systems where the latter is enhanced in the Since relative changes in c-EC are bigger than those in GSH ( Fig. 2) , c-EC content may be used as a convenient cytosol (ggs) or chloroplast (Lggs). Since the maximal accumulation of c-EC and decrease in GSH in darkened indicator of gly availability for chloroplastic and cytosolic GSH synthesis ( Fig. 5, upper panels) . Accordingly, subleaves occurred rather slowly, the effects of these metabolites were compared following a dark period of 15 h. strates which had a marked effect on foliar gly and ser also affected the accumulation of c-EC in both types of Figure 4 shows how foliar contents of gln, ser and gly, amino acids involved in the photorespiratory pathway, disc in the dark. Exogenous gly was able to prevent accumulation of c-EC completely in ggs discs, and to were affected by supplying substrates for gly synthesis. In darkness-c-EC content in light). Values range from 0% (discs after 2.5 h light) to 100% (discs on H 2 O after 15 h darkness). Columns marked with an asterisk have a value of 0, i.e. c-EC contents were equal to, or less than, the c-EC content of illuminated leaf discs. Data were calculated using c-EC contents determined as the means±SD of abolish 70% of this accumulation in Lggs discs. Supplying three independent extractions. Other data show means±SD of three ser had a similar effect to supplying gly (Fig. 5) , and independent extractions. p-ser, which led to high dark levels of gly and ser (Fig. 4) , also diminished the dark accumulation of c-EC in both types of disc. Glycollate, which did not result in measurand GSH contents ( lower panels), which were likewise ably increased gly (Fig. 4) , was slightly more effective unaffected by illumination. than p-ser in reducing c-EC levels. The prevention of the dark increase in c-EC by all these substrates was reflected Discussion by their effects on the c-EC5GSH ratio, which remained much lower than in leaf discs darkened on water (Fig. 5) .
Two distinct types of interaction between GSH synthesis In ggs discs, supplying OH-pyr increased the accumulaand photorespiration have previously been observed. tion of c-EC and the c-EC5GSH ratio, although these First, in barley mutants (Smith et al., 1984) , tobacco effects were less marked in two other experiments (data plants containing an antisense construct ( Willekens et al., not shown) . Supplying PEP, PGA, or glycerate had no 1997), or plants treated with inhibitors (Smith, 1985) , significant effect on the c-EC level or the c-EC5GSH low catalase activities led to the accumulation of GSH under conditions which favour high photorespiratory flux. ratio. None of the substrates influenced the summed c-EC
Glutathione synthesis and photorespiration 1163
Second, when the capacity for GSH accumulation was late in the photorespiratory C 2 pathway or formation from PGA, either by the glycerate pathway (reversal of increased by H 2 S fumigation of spinach leaves (Buwalda et al., 1988) , supplying cys to poplar leaf discs (Noctor photorespiratory direction) or by the 'phosphorylated' route via phosphoserine ( Walton and Woolhouse, 1986; et al., 1997b) , or by cytosolic overexpression of c-ECS in poplar (Noctor et al., 1997a) , the conversion of c-EC to Kleczkowski and Givan, 1988) . In both types of transformant, the accumulation of c-EC in darkened leaves GSH was restricted in the dark. This dark limitation was mitigated, or removed, by supplying exogenous glycollate, was attenuated by feeding gly, ser, or glycollate, suggesting that the photorespiratory pathway supplies gly glyoxylate, gly or ser to spinach leaves during H 2 S fumigation (Buwalda et al., 1990) . However, no compartmentfor both cytosolic and chloroplastic GSH synthesis. This specific analysis was carried out in the study of Buwalda conclusion is corroborated by the effect of high CO 2 . et al. (1990) .
Suppressing photorespiration in the light attenuated lightTransformation technology offered the authors a induced changes in c-EC and GSH contents in both ggs unique opportunity to study such compartment-specific and Lggs (Fig. 2) . phenomena. A relationship between photorespiratory gly
In feeding studies, it is pertinent to understand the production and cytosolic GSH biosynthesis has been effective uptake and subsequent metabolism of added comshown previously (Noctor et al., 1997a, b) . However, pounds. Most of the gly taken up was metabolized to ser GSH biosynthesis occurs in both the chloroplast and the ( Fig. 4 ; cf. gly and ser contents for added gly), a process cytosol (Noctor et al., 1998b) , begging the question of also evidenced by the extremely marked accumulation of whether a similar relationship exists in the chloroplast.
gln, presumably due to the re-incorporation by glutamine In the present study, this problem has been addressed by synthetase of NH 3 released during gly metabolism ( Keys allying a classical approach of substrate feeding with et al., 1978) . The similarity of the effect of feeding gly and compartment-specific transformation technology.
ser on the c-EC5GSH ratio is readily understood in terms of the conversion of ser to gly by serine hydroxymethylPossible factors restricting the synthesis of GSH from c-EC transferase, an enzyme activity found in the chloroplasts, cytosol, and mitochondria (Besson et al., 1995) . Other than gly availability, a limiting factor over the converMetabolism to gly, via glycollate oxidase and transaminsion of c-EC to GSH may be the availability of ATP.
ation of glyoxylate, also explains the effect of glycollate However, feeding PEP had no effect on c-EC accumulation (Fig. 5) , although in this case gly formation was apparently in the dark (Fig. 5) . The effective metabolism of exogenous matched by its utilization, since gly and ser contents were p-ser suggests that the lack of effect of PEP was not due to not significantly affected (Fig. 4) . exclusion of phosphorylated intermediates from the leaf cells. Furthermore, gln synthesis, a chloroplastic reaction
The c-EC5GSH ratio as an intracellular probe for glycine in requiring ATP ( Keys et al., 1978) , was able to occur at transformed poplar high rates in the dark in the presence of amino donors (gly, ser, p-ser; Fig. 4 ). Lastly, it should be noted that ATP is
The data of Figs 4 and 5 emphasize the unidirectionality required for both formation and utilization of c-EC, and of the photorespiratory cycle: none of the substrates so changes in ATP/ADP ratios are unlikely to explain formed subsequent to ser in the classical sequence marked fluctuations in c-EC contents.
(OH-pyr, glycerate, PGA) were able to attenuate the dark Another factor contributing to limitation of conversion accumulation of c-EC. This may have been in part due of c-EC to GSH could be light-modulation of GS activity.
to a lack of amino donors, although exogenous glycollate However, it has previously been shown that the extractwas effective and levels of glu, ala and asp (data not able activities of c-ECS and GS in poplar leaves are shown) were not markedly lower in darkened leaf discs not influenced by illumination (Noctor et al., 1997b) . than in illuminated leaf discs. Characteristics such as the Furthermore, measurements of foliar gly showed that the kinetic irreversibility of serine5glyoxylate aminotranslight-dark changes in c-EC and GSH were exactly offset ferase activity (Nakamura and Tolbert, 1983) et al., 1998b) . The inescapable conclusion, therefore, is the low foliar gly concentrations in darkened poplar. Far that shortage of gly is the factor primarily responsible for from sustaining the conversion of c-EC to GSH, exogenrestricting conversion of c-EC to GSH in darkened poplar ous OH-pyr increased the c-EC5GSH ratio in ggs leaf leaves, and hence for the high c-EC5GSH ratio. discs (Fig. 5 ). This effect might be explained by consumption of reducing equivalents in the reduction of OH-pyr The source of glycine for glutathione synthesis to glycerate, which could indirectly lower the mitochondrial NADH5NAD ratio and thereby stimulate the actThere are several pathways through which gly may be produced in plants. These include synthesis from glycolivity of glycine decarboxylase (Heupel and Heldt, 1994;  majority of c-EC synthesized in these plants is due to the bacterial enzyme, which is located in the chloroplast (Noctor et al., 1998b) . Hence, two non-exclusive possibilities exist to explain the dependence of GSH synthesis on photorespiratory gly in these plants: either c-EC exits the chloroplast to be converted to GSH in the cytosol or gly crosses the chloroplast envelope to be condensed with c-EC in the stroma. Very little is known about the likely rates of either of these processes but, clearly, in Lggs poplars, both may occur to some extent. Exclusive localization of GS in the cytosol is discounted by fractionation studies in tobacco cells (Hell and Bergmann, 1988) and poplar leaves (data not shown). Literature data show that stromal gly contents are enhanced in the light ( Winter et al., 1993 ( Winter et al., , 1994 . Data obtained by non-aqueous fractionation of tobacco leaves, following brief periods of photosynthesis in 14CO 2 , strongly suggest that photorespiratory gly and ser enter the chloroplastic compartment (Ongun and Stocking, 1965b) . The present data also support the notion that, once formed in the peroxisomes, gly is able to enter the chloroplast to be used in the synthesis of GSH and perhaps, other cellular components such as protein (Ongun and Stocking, 1965a) . This flexible view of the intracellular movement of photorespiratory metabolites is depicted in Fig. 6 , which shows the utilization of photorespiratory gly for GSH synthesis in both chloroplast and cytosol. production from glycollate (relative fluxes through the pathways of photorespiration and glutathione synthesis are discussed in detail in Noctor et al., 1998a) . This Leegood et al., 1995; Raghavendra et al., 1998) . Although this would provide in vivo evidence for the coupling of notion is experimentally corroborated by the similar CO 2 fixation rates in Lggs and the other plant types ( Table 1) , gly oxidation and OH-pyr reduction, the degree of stimulation of the c-EC5GSH ratio by exogenous OH-pyr was suggesting that enhanced chloroplastic GSH synthesis has no significant effect on RPP cycle operation. Second, the variable. In addition to reduction to glycerate or transamination to ser, OH-pyr can be metabolized by foliar gly contents of ggs poplars, which have similarly high GSH contents to Lggs, are not significantly different decarboxylation, either non-enzymically ( Walton and Butt, 1981) or through the action of pyruvate decarbfrom those of untransformed poplars ( Fig. 3) . However, similar GSH contents may not necessarily reflect similar oxylase (Davies and Asker, 1985) . Decarboxylation of glycollate or glyoxylate ( Walton and Butt, 1981) might flux through the GSH synthetic pathway. It should be noted that, despite similar GSH contents, the extractable also explain why glycollate was less effective than gly in preventing the dark accumulation of c-EC ( Fig. 5) .
activity of c-ECS is about 4-fold higher in Lggs than in ggs (Noctor et al., 1998b) . The effect of enhanced chloroThe question of the intracellular location of the conversion of c-EC to GSH in Lggs poplars merits attention.
plastic GSH synthesis on foliar gly content may reflect differences between chloroplastic and cytosolic utilization In particular, the significance of possible c-EC exchange across the chloroplast envelope must be considered. Since of photorespiratory gly. A previous study of Lggs poplars suggests that another sink for photorespiratory amino the extractable activity of c-ECS in Lggs poplars is extremely high, it is probable that the overwhelming acids in these plants may be in transamination reactions to produce enhanced levels of amino acids synthesized in evidently convert p-ser to ser ( Fig. 4) . It is unclear whether the hydrolysis of p-ser was due to the specific the chloroplast (Noctor et al., 1998b) . phosphoserine phosphatase that catalyses the terminal Photorespiratory carbon and nitrogen recycling: closed step of conversion of PGA to ser via the 'phosphorylated' pathways?
pathway ( Kleczkowski and Givan, 1988) . Certainly, the high c-EC5GSH ratios observed in Lggs leaves Current concepts of the regulation of photorespiration under non-photorespiratory conditions (Fig. 2) suggest consistently emphasize the obligatory recycling of that chloroplastic synthesis of ser/gly through nonpathway intermediates (Ogren, 1984; Leegood et al., 1995;  photorespiratory pathways (Shah and Cossins, 1970) Rawsthorne et al., 1995) . For example, it is frequently makes only a limited contribution to chloroplastic GSH considered that, during photorespiration, gly molecules synthesis. formed in the peroxisomes are immediately cleaved by the glycine decarboxylase complex localized in the mitochondrial matrix. Evidence that recycling to PGA is a Conclusion major metabolic fate of phosphoglycollate produced folIn both the chloroplast and cytosol, the crucial step lowing RuBP oxygenation has been provided by 18O-controlling GSH accumulation is the synthesis of c-EC labelling studies (Berry et al., 1978; de Veau and Burris, by c-ECS (Arisi et al., 1997; Noctor et al., 1998b) . The 1989). Conclusive confirmation of this pathway has come up-regulation of c-ECS gene expression observed under from the isolation of mutants with low activities of the certain stress conditions ( Xiang and Oliver, 1998) paralenzymes involved Ogren, 1979, 1981;  lels the c-ECS overexpression studied in the present work: Murray et al., 1987 Murray et al., , 1989 Blackwell et al., 1990) . This both will increase the capacity for c-EC synthesis. These has led to the development of the concepts of the photoresults demonstrate that, in these conditions, regardless respiratory C and N cycles, whose evolution is explained of whether c-ECS activity is enhanced in the chloroplast in terms of an adaptation to prevent unsustainable loss or cytosol, the requirement of GSH synthesis for photofrom the RPP pathway of carbon diverted into phosphorespiratory gly increases. Finally, although flux through glycollate following the unavoidable oxygenation of the photorespiratory pathway is expected to be far in RuBP (Andrews and Lorimer, 1978; Keys et al., 1978;  excess of GSH synthesis and turnover under unstressed Ogren, 1984) . The fact that wild-type plants and photoresconditions, relative fluxes may vary greatly according to piratory mutants can photosynthesize and grow under the degree and type of stress to which plants are exposed. non-photorespiratory conditions is clear evidence in support of these concepts. However, while this pathway represents the most important fate of glycollate carbon, Blackwell RD, Murray AJS, Lea PJ. 1990. Photorespiratory
